Jacobs RA, Meinild AK, Nordsborg NB, Lundby C. Lactate oxidation in human skeletal muscle mitochondria. Am J Physiol Endocrinol Metab 304: E686 -E694, 2013. First published February 5, 2013 doi:10.1152/ajpendo.00476.2012.-Lactate is an important intermediate metabolite in human bioenergetics and is oxidized in many different tissues including the heart, brain, kidney, adipose tissue, liver, and skeletal muscle. The mechanism(s) explaining the metabolism of lactate in these tissues, however, remains unclear. Here, we analyze the ability of skeletal muscle to respire lactate by using an in situ mitochondrial preparation that leaves the native tubular reticulum and subcellular interactions of the organelle unaltered. Skeletal muscle biopsies were obtained from vastus lateralis muscle in 16 human subjects. Samples were chemically permeabilized with saponin, which selectively perforates the sarcolemma and facilitates the loss of cytosolic content without altering mitochondrial membranes, structure, and subcellular interactions. High-resolution respirometry was performed on permeabilized muscle biopsy preparations. By use of four separate and specific substrate titration protocols, the respirometric analysis revealed that mitochondria were capable of oxidizing lactate in the absence of exogenous LDH. The titration of lactate and NAD ϩ into the respiration medium stimulated respiration (P Յ 0.003). The addition of exogenous LDH failed to increase lactate-stimulated respiration (P ϭ 1.0). The results further demonstrate that human skeletal muscle mitochondria cannot directly oxidize lactate within the mitochondrial matrix. Alternately, these data support previous claims that lactate is converted to pyruvate within the mitochondrial intermembrane space with the pyruvate subsequently taken into the mitochondrial matrix where it enters the TCA cycle and is ultimately oxidized. lactate metabolism; mitochondrial function; lactate oxidation complex OUR UNDERSTANDING OF LACTATE METABOLISM has evolved greatly over the past century (30, 32, 86) . The omnipresent intermediate by-product of glycolysis is now recognized as an essential and common metabolite involved in human bioenergetics. It is ubiquitously utilized by different tissues throughout the body, including the heart, brain, kidney, adipose tissue, liver, and skeletal muscle (25, 59, 86, 87) and is produced even at rest despite a sufficient supply of oxygen to the tissue (7, 17, 34, 59 ). The lactate shuttle hypothesis (15) helped propel our current understanding of lactate metabolism. The premise for the cell-cell lactate shuttle (CCLS) is that lactate released from one cell could serve as a precursor carbon source for either oxidative phosphorylation or gluconeogenesis in other cells throughout the body (13, 15). The majority of this theory has been confirmed throughout the years (4, 8, 38, 56, 60, 87) .
The observations of high cytosolic ratios of lactate to pyruvate in skeletal muscle, especially apparent during exercise, along with the understanding that lactate can serve as a precursor for cellular respiration, led to the intracellular lactate shuttle (ILS) hypothesis. This hypothesis has transformed over the years from the initial speculation that lactate was transported into the mitochondrial matrix where it was subsequently oxidized (16, 18) into its current position (36, 37) . It is now proposed that glycolytically produced lactate passively diffuses across the mitochondrial outer membrane (MOM) into the mitochondrial intermembrane space (MIS). An increase in lactate concentrations in the MIS facilitates conversion back into pyruvate catalyzed by an isoform of lactate dehydrogenase (LDH) located in the mitochondria (mLDH). Pyruvate is then shuttled across the mitochondrial inner membrane (MIM) into the matrix via a mitochondrial monocarboxylate transporter (mMCT), where it is oxidized (37) , The MCTs most likely involved are MCT1 (36, 37) and/or the high-affinity pyruvate transporter MCT2, which has been reported to subsist in both subsarcolemmal and intermyofibrillar mitochondrial populations (95) .
The specifics of lactate metabolism within skeletal muscle mitochondria are ardently debated (14, 18, 19, 31, 74, 75, 95) . Previous investigations into the functional assessment of mitochondria-specific lactate oxidation have primarily utilized isolated mitochondrial preparations (18, (73) (74) (75) 95) , for which mitochondria are extracted and purified by mechanical homogenization and differential centrifugation. Consequently, the dispute regarding mitochondrial lactate oxidation consists of challenging either the method used for mitochondrial isolation or the success achieved in purity and completeness of the mitochondrial isolations (14, 19, 74) .
Mitochondria subsist in skeletal muscle as a reticular tubular network as opposed to discrete organelles (45) . Mitochondrial isolation disrupts the native heterogeneous reticulum, producing somewhat artificially homogeneous spherical and discrete organelles (71, 82) . Such disruption carries the risk of 1) contaminating the mitochondrial fraction with proteins foreign to the mitochondria (21, 71) , 2) depleting contents specific to mitochondria (14, 19, 71) , and 3) altering mitochondrial function (51, 76, 80) . Indeed, mitochondrial isolation has repeatedly been shown to affect mitochondrial respiratory function (5, 48, 61, 67, 70, 90) .
Unlike previous studies, here we test the ability of mitochondria to oxidize lactate by means of high-resolution respirometry on preparations of human skeletal muscle biopsies. With this technique, the sarcolemma is chemically permeabilized, and soluble cytosolic proteins, including LDH, are lost without affecting native mitochondrial structure, allowing access to unaltered mitochondria for direct manipulation and investigation of respiratory control (49, 51, 80) . The primary aim of the current study is to challenge the hypothesis that mitochondria can directly oxidize lactate. Assuming that a lactate oxidation complex exists within skeletal muscle mitochondria (36), our hypothesis was that mitochondrial preparations of human skeletal muscle in situ would display the ability for lactate to facilitate mitochondrial respiration independent of any addition of exogenous LDH. Indeed, we demonstrate the ability of unaltered, intact mitochondria to utilize lactate as a substrate for respiration in human skeletal muscle. The additional titration of exogenous LDH fails to further stimulate respiration. Our results provide evidence that demonstrate the ability of human skeletal muscle mitochondria to utilize lactate as a substrate.
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MATERIALS AND METHODS
Ethical Approval
Experimental protocols involving human subjects were approved by the ethics committees for the Eidgenössische Technische Hochschule in Zürich (EK 2011-N-51) and the Regional Ethics Committee of Region Hovedstaden in Denmark (H-1-2011-052), in accordance with the Declaration of Helsinki. Prior to the start of the experiments, informed oral and written consent was obtained from all participants.
Experimental Design
Sixteen young and healthy subjects (14 male and 2 female) voluntarily participated in this study. For logistic reasons, the subjects were divided into two groups of eight. The first eight subjects (group 1, 6 males and 2 females) and the second group of eight subjects (group 2, 8 males) had their skeletal muscle samples analyzed with separate substrate titration protocols. These protocols are explained in detail below.
Skeletal Muscle Sampling
Skeletal muscle biopsies were obtained from the vastus lateralis muscle under local anesthesia (1% Lidocaine) of the skin and superficial muscle fascia, using the Bergström technique (9) with a needle modified for suction. The biopsy was immediately dissected free of fat and connective tissue and divided into sections for measurements of mitochondrial respiration.
Skeletal Muscle Preparation
The biopsy was sectioned into parts to measure mitochondrial respiration. Each part was immediately placed in ice-cold biopsy preservation solution (BIOPS) containing 2.77 mM CaK 2EGTA buffer, 7.23 mM K2EGTA buffer, 0.1 M free calcium, 20 mM imidazole, 20 mM taurine, 50 mM 2-(N-morpholino)ethanesulfonic acid hydrate (K-MES), 0.5 mM dithiothreitol (DTT), 6.56 mM MgCl 2·6H2O, 5.77 mM ATP, and 15 mM phosphocreatine (pH 7.1). Muscle samples were then gently dissected with the tips of two 18-gauge needles, achieving a high degree of fiber separation verified microscopically, followed by chemical permeabilization via incubation in 2 ml of BIOPS with saponin (50 g/ml) for 30 min at 4°C (50) . Last, samples were washed with a mitochondrial respiration medium (MiR05) containing 0.5 mM EGTA, 3 mM MgCl 2·6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2P04, 20 mM HEPES, 110 mM sucrose, and 1 g/l bovine serum albumin (pH 7.1) for 10 min at 4°C. Cytosolic components of the skeletal muscle sample are lost during skeletal muscle preparation, including LDH (49, 53, 69, 78, 89) .
Mitochondrial Respiration Measurements
Muscle bundles were blotted dry and measured for wet weight in a balance-controlled scale (XS205 DualRange Analytical Balance; Mettler-Toledo, Switzerland) maintaining constant relative humidity, providing hydration consistency as well as stability of weight measurements. Respiration measurements were performed in mitochondrial respiration medium 06 (MiR06; MiR05 ϩ catalase 280 IU/ml). Measurements of oxygen consumption were performed at 37°C using the high-resolution Oxygraph-2k (Oroboros, Innsbruck, Austria) with all additions in each protocol added in series. The Oxygraph-2k is a two-chamber titration-injection respirometer with an oxygen detection limit of 0.5 pmol·s Ϫ1 ·ml Ϫ1 . Standardized instrumental calibrations were performed to correct for back-diffusion of oxygen into the chamber from the various components, leak from the exterior, oxygen consumption by the chemical medium, and sensor oxygen consumption. Oxygen flux was resolved by software allowing nonlinear changes in the negative time derivative of the oxygen concentration signal (DatLab; Oroboros, Innsbruck, Austria). All experiments were carried out in a hyperoxygenated environment to prevent any potential oxygen diffusion limitation. This technique of permeabilization allows for the study of mitochondrial function in intact skeletal muscle samples in situ without altering the natural mitochondrial reticulum in small biopsy samples using high-resolution respirometry (41, 42, 51) .
Respiratory Titration Protocols
Four different titration protocols were applied in the study, and they are illustrated in Table 1 . Each protocol was specific to the examination of individual aspects of lactate-stimulated respiratory control through a sequence of coupling and substrate states induced via separate titrations. All titrations were added in series as presented.
Leak respiration in absence of adenylates (LN) was induced with the addition of malate (2 mM) and octanoyl carnitine (0.2 mM). This state represents the resting oxygen consumption of an unaltered and intact electron transport system in the absence of adenylates. In the L N state, the chemiosmotic gradient is at maximum, specific to the substrates provided, and oxygen flux is at a minimum indicating proton leak, slip, cation cycling, and overall dyscoupling (33, 69) . Fatty acid oxidative capacity and maximal electron transport through electron transferring flavoprotein (ETF) was determined following the addition of ADP (PETF, 5 mM). Here, the transfer of electrons requires the metabolism of CoA, hence the previous addition of malate, to allow ␤-oxidation to proceed. Following PETF, lactate (30 mM) was added to the chamber to measure the oxidation of lactate. Next, pyruvate (5 mM) was added. Pyruvate is a common substrate used to stimulate electron flow through complex I (C1; NADH dehydrogenase) providing a submaximal state 3 respiratory state specific to C1 (P C1). Maximal state 3 respiration, oxidative phosphorylation capacity (P), was induced with the addition of succinate (10 mM). Maximal state 3 P represents respiration that is resultant to saturating concentrations of ADP as well as substrates specific for C1 and succinate dehydrogenase, complex II (C2) and demonstrates an intact electron transport system's capacity to catalyze a sequential set of redox reactions that are partially coupled to the production of ATP via ATP synthase. Convergent electron input to C1 and C2 provides higher respiratory values compared with the isolated respiration of either C1 (pyruvate/glutamate ϩ malate) or C2 (succinate ϩ rotenone) (33); accordingly, it is more representative and physiologically relevant to the study of mitochondrial function and necessary to establish confirmation of a complete and intact electron transport system (10) . As an additional internal control for damaged mitochondria, the integrity of the outer mitochondrial membrane was assessed with the addition of cytochrome c (10 M). Rotenone (0.5 M) and antimycin A (2.5 M) were finally added, in sequence, to terminate respiration by inhibiting C1, achieving state 3 respiration through C2 (P C2), and complex III (cytochrome bc1 complex), respectively. Inhibition of respiration allows for the determination and correction of residual oxygen consumption (ROX), indicative of nonmitochondrial oxygen consumption in the chamber. The concentrations of substrates and inhibitors used were based on prior experiments conducted for optimization of the titration protocols.
The only difference in the NAD ϩ /LDH Ϫ titration protocol was that NAD (2 mM) was titrated into the respiration medium following the addition of lactate and before the addition of pyruvate.
The NAD ϩ /LDH ϩ titration protocol also titrated NAD (2 mM) following the addition of lactate. However, LDH (3 IU/ml) was then added following stabilization of NAD-stimulated respiration and prior to the titration of pyruvate. This concentration of LDH, which has been previously used (75, 95) , is supraphysiological and not limited to lactate-stimulated respiration.
LDH ϩ /NAD ϩ Titration Protocol. Finally, the LDH ϩ /NAD ϩ titration protocol had LDH (3 IU/ml) titrated into the respiratory medium following the addition of lactate followed by the addition of NAD (2 mM) before the addition of pyruvate.
Control for Sirtuin Influence on Mitochondrial Respiration
To address any question of whether respiration in the presence of lactate is truly due to lactate or rather to an enhancement of fatty acid metabolism or electron transport chain activity in response to the NAD ϩ , we measured PEFT and mitochondrial lactate respiration in 18 separate human subjects from another study. As opposed to the titration protocols detailed above in this study, we added NAD ϩ (6 mM) prior to lactate (60 mM) in the titration protocol. We analyzed respirometric values using a one-way ANOVA on repeated measurements with a Bonferroni adjustment to specify location of differences (SPSS Statistics 17.0; SPSS, Chicago, IL).
Enzyme Activities
LDH activities were assayed in homogenates of the skeletal muscle samples used in respiration measurements: The contents of the Oxygraph-2k chambers (2 ml each) were removed after each respiration experiment and washed once with 2 ml of MiR05. One percent Triton X-100 and 2 l of a protease inhibitor cocktail (Sigma Aldrich cat. 539134) were added to the combined solutions (content and wash) and then homogenized for 30 s with a T10 basic ULTRA-TURRAX homogenizer near maximum speed. The homogenate was then centrifuged for 15 min at 4°C, and the supernatant was removed, frozen in liquid nitrogen, and stored at Ϫ80°C. LDH activity was measured fluorometrically at 450 nm and 37°C according to the manufacturer (LDH-Cytotoxicity Assay Kit, BioVision).
Data Analysis
For all statistical evaluations, a P value of Ͻ0.05 was considered significant. Statistical analysis of changes to respiration within each respective titration protocol was analyzed by one-way ANOVA on repeated measurements (SPSS Statistics 17.0). Differences in percent changes among respiratory states across all titration protocols and LDH activities across samples were analyzed using a one-way ANOVA. When appropriate, a Bonferroni adjustment was used to specify location of differences.
RESULTS
Lactate Dehydrogenase
There was a significant difference in LDH between samples that did not have exogenous LDH added from those samples that did ( Fig. 1 , P Ͻ 0.001). The LDH Ϫ group showed trace amounts of LDH (38.9 Ϯ 13.4 mU/mg wet wt), whereas the LDH ϩ , as expected, presented with a concentration of LDH indicative of the amount added to the mitochondrial medium during respirometric analysis (2,850 Ϯ 687 mU/ml).
Respirometric Analysis
Differential respiratory capacities across the mitochondrial respiratory system were made evident throughout each separate titration protocol (Fig. 2, A-D) . LDH 
Below the protocol is the subject group for which skeletal muscle specimens were analyzed with that specific protocol. Top: substrate or inhibitor added to the respiration medium. The sequence of the titrations into the chamber follows the order of substrates and inhibitors presented from left to right. Concentration of substrate or inhibitor (columns) added during respirometric analysis is indicated in the box located in the respective protocol of interest (row). M, malate; OC, octanoyl carnitine; ADP, adenosine diphosphate; Lac, lactate; NAD, nicotinamide adenine dinucleotide; LDH, lactate dehydrogenase; Pyr, pyruvate; S, succinate; Cyt C, cytochrome c; Rot, rotenone; AmA, antimycin A.
increased following the addition of ADP, demonstrating the capacity for fatty acid oxidation, P ETF (P Ͻ 0.001). There was no increase from fat respiration following the addition of lactate (L). Respiration did, as expected, increase following pyruvate addition (P C1 , P Ͻ 0.001) and again following the titration of succinate (P Ͻ 0.001), the latter of which represents oxidative phosphorylation capacity, P. Finally, respiration diminished after inhibition of C1 with rotenone (P C2 , P ϭ 0.001). There was no further increase, however, with the addition of LDH. Respiration showed a trend to increase with pyruvate (P C1 , P ϭ 0.062). Respiration did increase with the addition of succinate (P Ͻ 0.001). Finally, respiration diminished after inhibition of C1 with rotenone (P C2 , P Ͻ 0.05). LDH ϩ /NAD ϩ respirometric analysis. Respirometric analysis of the skeletal muscle samples using the LDH ϩ /NAD ϩ protocol is illustrated in Fig. 2D . Malate and octanoyl carnitine induced L N . Respiration significantly increased following the addition of ADP signifying P ETF (P Ͻ 0.001). No increase was evident following the addition of lactate (L; 30 mM). Again, there was no increase in respiration following the titration of LDH. Respiration did then increase with the addition of NAD (P Յ 0.01). There was an increase following the addition of pyruvate (P C1 , P Ͻ 0.01). Respiration again increased with the addition of succinate (P, P Ͻ 0.01). Finally, respiration diminished after inhibition of C1 with rotenone (P C2 , P Ͻ 0.01).
Test of Mitochondrial Membrane Integrity
Across all titration protocols, cytochrome c had no additive effect on respiration. Respiration changed by Ϫ0.4% (P ϭ 0.962), 3.1% (P ϭ 0.758), Ϫ0.3% (P ϭ 0.971), and Ϫ0.9% (P ϭ 0.846) in groups LDH (Figs. 2, A-D) . The negligible changes in respiration from oxidative phosphorylation capacity, P, to the exogenous cytochrome c-stimulated respiration confirmed MOM intactness throughout all skeletal muscle samples. Table 2 displays specific percent changes in respiration rates between different substrate-induced respiratory states across all groups. Only two significant differences were calculated, and both were between the NAD ϩ /LDH ϩ and LDH ϩ /NAD ϩ protocols. 1) There was a difference in percent change from lactatestimulated respiration and respirometric values obtained following the titration of LDH (P Ͻ 0.001); and 2) There was a difference in percent change from the recorded LDH-stimulated respiration and respirometric values obtained following the titration of pyruvate (P Ͻ 0.001). The only difference between these two protocols is the order in which LDH and NAD were titrated into the respiratory chambers during analysis. As such, the former protocol, NAD 
Differences in Percent Changes Between Respiratory States Across Groups
DISCUSSION
The current study was conducted to test whether human skeletal muscle mitochondria can oxidize lactate. The results 1) confirm that lactate cannot be taken up directly by human skeletal muscle mitochondria into the mitochondrial matrix and oxidized; 2) suggest that lactate is converted to pyruvate within the mitochondrial intermembrane space and that the pyruvate is then taken into the mitochondrial matrix where it consequently enters the TCA cycle and is ultimately oxidized; and 3) is consistent with the existence of a functional lactate oxidation complex in human skeletal muscle mitochondria. The novelty of this study is the mitochondrial preparation and multiple substrate titrations utilized to examine the mechanism by which lactate is oxidized. In contrast to mitochondrial fractions from isolated preparations, the mitochondrial preparation applied in the current study preserved both structural integrity and functional interactions with cellular components (Figs. 2) .
Lactate is undoubtedly a metabolic precursor for oxidative phosphorylation in human skeletal muscle (3, 56, 59, 60, 62, 87) as well as other tissues such as the brain (88) . Hitherto, the primary disagreement in regard to the metabolism of lactate is whether mitochondria, independently of cytosolic enzymes and pathways, are capable of lactate metabolism and how, specifically, lactate is used as a substrate for cellular respiration.
It was reported that, in mitochondrial preparations isolated from rat hindlimb skeletal muscle, "malateϩlactate"-stimulated respiration was similar to "malateϩpyruvate"-stimulated respiration (18) . Moreover, malateϩlactate-stimulated respiration was greatly diminished when oxamate, a competitive Fig. 1 . Box-whisker plot representing lactate dehydrogenase (LDH) concentrations. Measurements of LDH activity (mU/mg wet wt) in permeabilized samples (left y-axis) that never had exogenous LDH added to the respiratory chamber and those that did have LDH activity (mU/ml) added to the respirometric chamber (right y-axis). LDH activity between the 2 sets of samples was significantly different (P Ͻ 0.0001). Black dashed line represents average skeletal muscle LDH activity (763 mU/mg wet wt) resported from active and inactive males and females (20, 43) .
inhibitor of LDH (58), was included in the respirometric analysis. The presence of LDH was reported in the intermembrane space, inner membrane, and matrix fractions of the skeletal muscle (18) . Mitochondria isolated from skeletal muscle, however, are often so fraught with cytosolic LDH contamination that the inclusion of an LDH inhibitor, such as oxamate, is recommended to improve enzymatic analyses in mitochondrial preparations (21) .
Several studies (73-75, 94, 95) across different laboratories have reported evidence in opposition to these findings (18) , challenging the capacity for lactate oxidation in skeletal muscle mitochondria. These studies (73-75, 94, 95) reported the inability of various skeletal muscles across different species, including humans, to directly oxidize lactate. These studies were also unable to verify the presence of LDH in the mitochondrial fraction of skeletal muscle homogenates, further challenging the existence of a lactate oxidation complex in skeletal muscle mitochondria (74, 75, 95) . All respirometric measurements collected in these studies, however, were obtained using isolated mitochondrial preparations. Accordingly, Fig. 2 . Mass-specific respirometric analysis. Titration protocols for skeletal muscle samples with all titrations, presented from left to right, added in series. A: protocol without addition of LDH or NAD (LDH Ϫ /NAD Ϫ ). B: protocol with NAD added but without LDH (NAD ϩ /LDH Ϫ ). C: protocol with NAD and LDH both added to respiration medium in successive order (NAD ϩ /LDH ϩ ). D: protocol with LDH and NAD both added to respiration medium in successive order (LDH ϩ /NAD ϩ ). LN, respiration in absence of adenylates; PETF, capacity for fatty acid oxidation; L, lactate; PCI, submaximal state 3 respiration through complex I stimulated with pyruvate; P, maximal state 3 respiration minus oxidative phosphorylation capacity; Cyt C, cytochrome c; PC2, submaximal state 3 respiration through complex II following addition of rotenone. Differential respiratory capacities across the mitochondrial respiratory system were made evident throughout the titration protocol utilized, validating our mitochondrial preparation. Values are presented as means Ϯ SD. *, **, and ***, difference in the specific respiration state between groups; P Յ 0.05, P Յ 0.01, P Յ 0.001, respectively. Values are presented as means Ϯ SD. Percent change from one substrate-induced respiratory state to another (columns) is presented across all titration protocols (rows) used throughout the study. Respiration in absence of adenylates (LN), capacity for fatty acid oxidation (PETF), lactate (Lac), LDH, and pyruvate (Pyr). *Significant difference in specific respiration state between groups, P Ͻ 0.05. they have been theoretically rebutted due to the possibility of mLDH depletion during the isolation procedure (14, 19) .
Mitochondrial isolation techniques disrupt the native mitochondrial reticular networks in skeletal muscle, producing unnaturally discrete and spherical organelles through unknown and unregulated means (6, 71, 82) . This is often associated with an alteration to natural mitochondrial characteristics (14, 19, 21, 48, 61, 67, 70, 90) such as the loss of mitochondrial membrane integrity (5, 93) and the ability to oxidize fatty acids (67) . Crude skeletal muscle homogenizations often result in mitochondrial damage but are required for high fractional yield. Maintaining integrity of mitochondrial membranes during isolation using a more temperate homogenization comes at the expense of a lower mitochondrial yield (52) . Consequently, the isolation procedure often limits mitochondrial yield, preventing examination of the total mitochondrial population. As such, conclusive deductions regarding mitochondrial utilization of lactate through respirometric investigations using isolated mitochondria are difficult to establish.
Eukaryotic cells represent an integrated multicompartmental system, making it difficult to isolate and study mitochondrial function in living cells. Mitochondrial structure and function are intricately associated (76) . Techniques using selective permeabilization in skeletal muscle samples, as applied in the current study, allow direct access to skeletal muscle mitochondria unaffected by the preparation and remain intact within their natural cytoarchitectural environment (33, 51, 53, 69, 71, 77, 80) . They also preserve subcellular interactions with the nucleus, endoplasmic reticulum (51), and sarcoplasmic reticulum (71, 89) in addition to the cytoskeleton (53, 61, 80) . Metabolic channeling and the intracellular transfer of energy are dependent on these interactions (33, 44, 51, 80) .
The current study used saponin treatment to permeabilize the skeletal muscle samples. Saponin preferentially interacts with membranes rich in cholesterol such as the sarcolemmal membrane, which has a greater cholesterol concentration than both the MOM and MIM (24, 47) . This preferential perforation of the sarcolemma initiates the loss of soluble cytosolic metabolites, cofactors, enzymes, and coenzymes (49, 53, 78, 89) , allowing rapid equilibration with the respiration medium and the ability to manipulate mitochondrial respiration (Fig. 2) . The samples in the current study showed LDH concentrations that were ϳ5% of previously reported LDH activities from the vastus lateralis muscle in both males and females (20, 43) , which is similar to the volume density of mitochondria in skeletal muscle (29, 40, 91) . The presence of LDH within mitochondria has repeatedly been demonstrated in different tissues and cell types across several species (1, 2, 11, 12, 18, 22, 26 -28, 37, 46, 54, 55, 57, 63, 65, 68, 83-85, 92) , and there is also evidence that LDH has a genetic tag for mitochondrial allocation (39) ; yet opposing reports maintain skepticism as to its mitochondrial subsistence (74, 75, 95) . The most likely explanation to this discrepancy is the location of LDH in the mitochondria, which appears to reside in the MIS on the outside layer of the MIM (2, 37) , making this soluble enzyme easily lost with the disruption of mitochondrial membrane integrity (68) . Another possibility that cannot be fully discounted is the tethering of LDH to the outside of the MOM, opposed to within the MIS. The coprecipitation of LDH and mitochondrial respiratory complex IV cytochrome c oxidase, however, supports the existence of LDH to be within the MIS (37) . The results of the current study closely reflect those presented from rat liver mitochondria that also identified the location of mitochondrial LDH in the intermembrane space (84) . While we cannot definitively exclude the possibility that lactate-and NAD ϩ -stimulated respiration was facilitated by remnants of cytosolic LDH, our data, specifically the required addition of NADϩ in combination with the negligible response to exogenous LDH titration and successful control of mitochondrial membrane integrity, suggest a successful preparation in which cytosolic LDH is routinely lost (49, 51, 80) and the existence of LDH is within the MIS but not the matrix.
Despite the loss of cytosolic LDH concomitant to the perforation of the sarcolemma, the integrity of the mitochondrial outer and inner membranes was confirmed, as exogenous cytochrome c had no effect on respiration across all groups (respiration LDH
ϩ groups changed by Ϫ0.4%, 3.1%, Ϫ0.3%, and Ϫ0.9%, respectively; Fig. 2 ). Endogenous cytochrome c is lost during skeletal muscle preparations that corrupt mitochondrial membrane integrity. Titration of exogenous cytochrome c confirms damage by stimulating respiration (51, 79) . Acceptable elevation in respiration following exogenous cytochrome c that substantiates membrane integrity is typically between 5 and 15% (51) . In addition to our control of mitochondrial membrane integrity, we also show a functional capacity for fatty acid oxidation, which can be altered with mitochondrial isolation (67) , as well as discernible responses in respiration to all substrates and inhibitors alike (Fig. 2) , all of which demonstrate a complete, intact, and functional respiratory system.
The results presented in this study directly conflict with those reported in a prior study using similar mitochondrial preparation techniques. They reported the inability of rat skeletal muscle to directly oxidize lactate (72) . These results were later challenged with the suggestion that mLDH was lost during skeletal muscle preparation (37) . While the MOM is rather permeable to molecules up to ϳ4 kDa that lack a net charge and strong dipoles (6, 23) , it is impermeable to large molecules, such as cytochrome c (5) . Cytochrome c has a molecular mass of ϳ12 kDa, whereas LDH has a molecular mass of ϳ140 kDa. The loss of mLDH is highly unlikely if much smaller molecules, such as cytochrome c, are not lost during mitochondrial preparation (Fig. 2) . Unfortunately, Ponsot et al. (72) failed to confirm the integrity of the MOM.
A more likely explanation for the inability of rat skeletal muscle to oxidize lactate in the study by Ponsot et al. (72) is the loss of cytosolic reducing agents during the skeletal muscle preparation. Assuming that a lactate oxidation complex exists in skeletal muscle mitochondria as proposed (37) , then the presence of both lactate and NAD ϩ are necessary to facilitate the conversion to pyruvate and NADH in the MIS via mLDH. Small molecules in the MIS such as NAD ϩ equilibrate with cytosolic concentrations and would be lost during skeletal muscle preparation. We demonstrate that "lactate-stimulated" respiration does increase above P EFT with the addition of NAD ϩ (Fig. 2, B and C) ; however, lactate-stimulated respiration was not sufficient to support P C1 .
The failure of lactate to stimulate respiration independently from exogenous titrations of NAD ϩ brought into question our interpretation of the results. Certain mitochondrial proteins, such as sirtuins (SIRT), are bioenergetic cellular sensors that are dependent on NAD ϩ concentrations (64) . Specifically, SIRT3, in skeletal muscle mitochondria (66) , modifies functional expression of mitochondrial proteins involved in ␤-oxidation and electron transport by deacetylation (35, 81) . Posttranslational modification of these enzymes via SIRT3 are reported to alter mitochondrial fatty acid oxidation and oxidative phosphorylation (64) . However, we found no difference (P ϭ 0.958) between P ETF (with mean Ϯ SD of 20. ). In agreement with the current study's findings, we did observe an increase (P Ͻ 0.001) when lactate was then added into the respiration medium (46.5 Ϯ 9.5 pmol O 2 ·min Ϫ1 ·mg wet wt Ϫ1 ; data not shown). In conclusion, we have demonstrated the ability of skeletal muscle mitochondria to utilize lactate as a substrate for respiration, which is consistent with the existence of a lactate oxidation complex in human skeletal muscle mitochondria. The data suggest that the mitochondrial utilization of lactate as a substrate requires conversion of lactate to pyruvate prior to entry into the mitochondrial matrix and that this conversion occurs independently of cytosolic LDH. These findings were obtained using a mitochondrial preparation that prevents mitochondrial disruption and provides direct access to intact mitochondria in their natural reticular network with functional subcellular interactions. This allows for data interpretation to be autonomous of possible contamination of nonmitochondrial proteins or loss of mitochondrial-specific proteins.
ACKNOWLEDGMENTS
We sincerely thank Dr. Bengt Saltin for taking skeletal muscle biopsies, Drs. Steen Larsen and Víctor Díaz for the provision of necessary solutions, substrates, and inhibitors on short notice, Dr. Henriette Pilegaard for allowing us access to her laboratory equipment, and Jens Jung Nielsen for technical assistance in the laboratory.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS
